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Abstract: 
As more investigators with widely varying backgrounds enter the field of mouse behavioral genetics, there is a 
growing need to standardize some of the more popular tests because differences between laboratories in the 
details of behavioral testing and the pretesting environment can contribute to failures to replicate results of 
genetic experiments. It is argued here that we have sufficient knowledge to warrant a wise choice of a short list 
of standard strains and even details of apparatus and protocols for several kinds of behavioral tests. Equating the 
laboratory environment does not appear to be feasible. Instead, we need to learn what kinds of behavioral tests 
yield the most stable results in different labs and what kinds are most sensitive to the ubiquitous variations 
among test sites. Methods for making an informed choice of sample size for evaluating interactions between the 
laboratory environment and genotype are available and should be utilized in standardization trials. New 
resources for convenient sharing of data will greatly aid in collaborative and comparative studies involving 
several sites. Like the sequencing of an entire genome, test standardization is something that needs to be done 
only once if it is done properly, and the work will then benefit the field of behavioral and neural genetics for 
many years.  
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Desires to standardize tests of mouse behavior are inspired by burgeoning interest in mice as targets of 
molecular genetic studies and provoked by failures of several laboratories to replicate results of behavior–
genetic experiments. Large numbers of scientists with little or no training in methods of behavioral testing hope 
to assess spatial memory, anxiety, and other constructs with apparatus and protocols that are often idiosyncratic 
to each laboratory. If genetic and environmental variation were truly additive in the algebraic sense, a 
freewheeling attitude towards details of testing would pose no problem because the patterns of results of genetic 
experiments would be essentially the same under most conditions, even though the overall mean scores might 
be higher in one lab than another because of environmental differences. Available evidence, however, indicates 
that genetic and environmental effects are often interactive [8,32,37,49,61], such that some genotypes respond 
more than others to specific features of the controlled environment in which they are assessed. 
 
When interest is focused on a specific gene that is deliberately altered, it is crucial to know how general the 
results will be under conditions that differ from the original report. Four factors may substantially affect the 
results, two of these are themselves genetic [26]: (a) Flanking alleles carried by the strain that is the source of 
embryonic stem cells, usually a 129 strain, can complicate the interpretation of knockout effects, as discussed in 
detail elsewhere [16,25,64]. (b) Cells containing the targeted mutation are generally combined with nonmutant 
cells from another strain in a chimera and offspring are then backcrossed onto that strain background, and the 
apparent effects of the mutation may be altered by epistatic interaction with the genetic background [41]. The 
other two are environmental — the test situation itself and the pretesting laboratory environment. (c) The test 
situation consists of the physical test apparatus and stimuli impinging on the mouse during testing as well as the 
protocol of operations performed by the experimenter who administers the test. Many studies have found that 
seemingly minor changes in the test can have strain-dependent consequences [17,44,45,61]. (d) The laboratory 
environment comprises everything that impinges on the mouse before the start of testing, including conditions 
in the animal colony and methods of handling. Numerous features of the lab environment can have strain-
specific effects, such as forceps handling [28], acidified water [42], postpartum pregnancy [58], or brief food 
deprivation [8]. Statistical interaction with genetic strain can be appreciable even when serious efforts are made 
to equate the lab environment [11]. 
 
Failures to replicate patterns of genetic results across laboratories can arise from any or all of these factors. In 
some instances the discrepancy may arise from one or two discrete factors [15], but it is sometimes very 
difficult to determine the reasons for disparate data. Consider recent attempts to map genes having relatively 
small influences (quantitative trait loci or QTLs) pertinent to locomotor activity. Flint et al. [21] examined an F2 
hybrid cross derived from C57BL/6J and BALB/cJ mice in a circular, white, open field measuring 60 cm in 
diameter, and they reported QTLs on chromosomes 1, 4, 12, and 15. Gershenfeld et al. [27] used the F2 hybrid 
cross of C57BL/6J and A/J in a square, clear, open field measuring 42 × 42 cm, and they claimed QTLs on 
chromosomes 1, 10, and 19. The discordant findings might have arisen from different alleles of a progenitor 
strain, different apparatus configurations, or different lab environments. For unknown reasons, both studies 
failed to detect an effect of albinism on activity, contrary to many earlier studies [18,19,23,33], although some 
evidence suggests albinism effects are smaller on hybrid than inbred backgrounds [38]. Similar difficulties can 
arise in work with knockouts, as witnessed by three recent reports published back to back in Nature Genetics on 
conflicting results concerning effects of corticotropin-releasing hormone (Crh) and one of its receptors (Crhr2) 
on mouse anxiety [1,10,36]. 
 
Whereas the focus of much of the current research activity in this field is single gene effects, most of our 
knowledge about the role of the test situation and the laboratory environment in behavioral genetics comes from 
several decades of work with inbred strains. Inbred strains differ at many genetic loci, but their stable genetic 
compositions allow us to test hundreds or thousands of animals with the same genotype under various 
conditions and thereby ask whether genetic effects are dependent on the specific environment. The preferred 
design of this kind of experiment entails several inbred strains, with mice from each strain being subjected to 
several different environments. This kind of research could be done, at least in principle, by using several 
knockouts in the same experiment. Until genetically well-defined knockouts become more widely available in 
large numbers, however, the foundation of our field will continue to be built with inbred strains. 
 
There is presently a complete absence of standard methods in mouse neurobehavioral genetics. Prospects and 
possibilities for adopting widely accepted standards are discussed in this paper, with emphasis on five aspects of 
the question — choosing standard strains, adopting common apparatus designs and test protocols, equating lab 
environments, employing adequate sample sizes, and sharing data in a common format. We need to have high 
quality standards available to serve as benchmarks against which a wide range of genetic and methodological 
variants can be compared in different laboratories. Having a good standard does not mean all researchers ought 
to employ these methods in every study. For those who do not wish to use the standard techniques routinely, 
they should be able to assess how similar the results with their own methods are to the benchmark. If seemingly 
minor alterations of a task in fact make little or no difference, this will be apparent by careful comparison with a 
standard method. Before such a comparison is possible, however, we must first have a good standard. 
 
2. The population 
First and foremost, standard methods entail collection of data on a standard set of strains, so that different 
research groups can be assured that they are working with the same genotypes. This stipulation does not imply 
that future research should be limited to a specific set of standard strains. On the contrary, genetic investigation 
benefits greatly from a rich diversity of genotypes. Nevertheless, use of standard strains in each laboratory is 
highly recommended at the outset of a series of studies in order to provide a reference point or baseline for 
comparison of other genotypes within and between laboratories. Suppose standard data are collected on strains 
A, B, C, and D at one site. Then a second lab finds that strain E yields what appears to be exceptionally high 
scores on similar tests. This could occur because of a unique set of alleles possessed by strain E or peculiarities 
of the test or the environment in the second lab. If the second lab also tested strains A, B, C, and D, however, 
interpretation of results would be greatly facilitated. 
 
Mouse geneticists long ago recognized the importance of adopting standard strains and breeding schemes [50]. 
By far the best method for insuring replicability of genotypes across labs is brother–sister inbreeding for at least 
60 generations to achieve genetic purity. The major question is how many and which of the numerous inbred 
strains should be adopted for collection of standard data. Because of the potential importance of strain-specific 
results, more than one strain should certainly be employed. At the same time, limitations of time and funds 
preclude the study of a dozen or more strains in many labs. Three criteria aid in making a short list of good 
candidates: The strains should represent a variety of different ancestries [2], they should be among those 
commonly used in this area of research, and they should be relatively free from severe neurological defects or 
bizarre behavioral characteristics. Common use is easily tabulated from the research literature and is also 
apparent in the price of the mice from commercial suppliers. 
 
Three neurological defects warrant special concern. Retinal degeneration is a consequence of a recessive allele 
of the phosphodiesterase 6B, cGMP, rod receptor, beta poly-peptide gene (Pde6b; see Mouse Genome Database 
at www.informatics.jax.org). Although they retain sensitivity to light mediated by cones for some time after 
rods have succumbed [30,34] and may exhibit normal circadian rhythms in melatonin production [31], retinal 
degenerate strains usually perform poorly on tests involving visual cues. Such strains are therefore valuable for 
demonstrating the validity of tests of pattern vision, but they are not ideal for establishing standards for the 
normal range of inbred mouse behavior. Albinism (c allele of the tyr, tyrosinase gene) has widespread 
physiological effects [14], including reduced ipsilateral pathways in the visual system. Unfortunately, so many 
common strains are albino that we cannot avoid them. The strains BALB/c and 129 suffer absence of the corpus 
callosum (CC) with various degrees of penetrance. Whereas this is a dramatic defect anatomically, effects on 
many behaviors are often very subtle or non-existent [3,6,63] and motor coordination deficits appear primarily 
on the most difficult tasks [52]. Thus, it is reasonable to include strains having a moderate frequency of absent 
CC, especially because those with incomplete penetrance provide an internal check that can be assessed easily 
in future studies. 
 
A group of mouse researchers met May 9–11, 1999, at the Mouse Strain Database Summit at the Jackson 
Laboratory and drafted a recommended short list of nine inbred strains, supplemented by more comprehensive 
lists of less commonly used strains. This work grew to become the Mouse Phenome Project [43] with a website 
for the Mouse Phenome Database (MPD) that lists recommended strains (www.jax.org/phenome). Pertinent 
characteristics of the 1999 short list of strains are given in Table 1. There is almost unanimous support for using 
the C57BL/6 and DBA/ 2 strains because they have been widely employed for many years, are inexpensive, 
readily available from many suppliers, and breed well. While several of the other strains may be suitable for 
investigation of cancer, cardiac physiology, or the immune system, they sometimes pose problems for work on 
behavior. For example, CAST/Ei mice are notoriously difficult to handle. They can be tested in many situations 
[40] but may become intractable in tests involving mild stress. They are therefore useful not as a standard but as 
an extreme genotype to be rated relative to the standard. BTBR + Ttf/tf is currently difficult to obtain in large 
quantities and very few data are available on its brain or behavior. The best substrain is also subject to debate. 
BALB/cJ males tend to fight with little provocation, the strain is a poor breeder, and it has a high frequency of 
absent CC; whereas BALB/cByJ is less aggressive, breeds better, and has a low frequency of absent CC. 
Nevertheless, BALB/cJ is the most commonly used substrain. C3H/HeJ, besides being retinal degenerate, until 
recently carried mouse mammary tumor virus, whereas the C3HeB/FeJ strain is free from the virus. Within the 
past year, however, the Jackson Lab began shipping C3H/HeJ mice that lack the virus [7]. As for the best 129 
substrain, these animals exist in a bewildering variety (see discussion at jaxmice.jax.org/html/nomencla-
ture/nomen _ 129.shtml), certain of which (129/SvJ) have been genetically contaminated [53,57], and confusion 
persists about many 129 substrains. The nomenclature site lists Jackson Labs stock 002448 as 129S3/SvImJ, but 
the MPD site lists the same stock as 129S1/SvImJ. 
All things considered, a defensible, very short list of strains for standardization of behavioral tests is A/J, 
BALB/cByJ, C57BL/6J, DBA/2J. Some labs may also want to include a 129 strain such as 129S3/SvImJ. Even 
this array will be inadequate for certain tests because of strain-specific peculiarities. For example, on the 
submerged platform water-maze, the A/J strain is an implacable wall hugger [11] and the BALB/c and 129 
strains often float for extended periods [22,65]. When a given test yields meaningful data for only a minority of 
a very short list of standard strains, perhaps this casts aspersions more on the test than the mouse genes. 
 
 
Some of the difficulties involved in work with inbred strains may be overcome by working with F1 hybrid mice, 
partly because many of the genes known to cause neurological defects are recessive. The B6D2F1 cross 
between C57BL/6 and DBA/2 is readily available from several suppliers, but it is not spared the hearing defects 
that afflict its parent strains. 
 
All on the short list suggested here can be purchased from The Jackson Laboratory, which is a more convenient 
supplier for researchers in Canada and the United States than else-where in the world. Many colleagues in 
Europe prefer to work with mice such as the Orl substrains from the CNRS facility in Orléans, France. The 
SHIRPA protocol is being standardized on six strains (BALB/cOlaHsd, C3H/HeNHsd, C57BL/ 6JOlaHsd, 
CBA/CaOlaHsd, DBA/2OlaHsd, 129/SvHsd), four being Ola substrains maintained by Harlan-Olac UK [48], 
and SHIRPA is now being used to screen for defects in a variety of mutations [4,46]. Substrain differentiation 
[54,55] proceeds slowly but inexorably and will eventually lead to divergence of phenotypic means for genetic 
reasons. Although it is not advocated here that the global community of mouse researchers should always work 
with Jax mice, there is much to recommend a systematic comparison of the Jax substrains with the local 
substrain as part of a standardization study. By air, a trip to London, Frankfurt, or Paris differs little from a trip 
to Edmonton, Alberta, and those European climates are closer to Bar Harbor, ME, than is northern Canada. 
Airplanes carry freight in both directions, and researchers in North America could equally well import 
substrains from Europe. It would be worthwhile to conduct systematic comparisons among substrains 
maintained by suppliers such as Charles River Laboratories, Harlan Sprague Dawley, and Taconic. Presuming 
there are no marked differences between substrains in a preliminary study, our confidence in the genetic 
similarity of the animals for purposes of behavioral research will be enhanced. Extensive data on microsatellite 
alleles in various substrains would also aid interpretation of research in different countries. 
 
Thus, while no standard set of inbred strains has yet been adopted by any consensus of researchers in this field, 
enough progress has been made to warrant a well-informed debate that could soon lead to, if not outright 
consensus, then at least a decisive majority vote. 
 
3. The test situation: apparatus and protocols 
Numerous tests of behaviors in many domains are readily available for work with mice [12], but a wide variety 
of lab-specific implementations prevails for most tests in common use. No recognized standard for any 
apparatus can be cited. Even for the simplest conceivable device, the featureless open field, apparatus 
polymorphism prevails. Some are square and others circular; some are clear and others opaque; some are 
brightly lit and others totally dark; some have tops and others are open; some are enclosed in sound-attenuating 
boxes and other sit on a table top in a room with technicians hustling back and forth and a radio blaring. At least 
eight commercial manufacturers of test apparatus sell open field activity devices (Table 2), yet no two are the 
same, despite the lack of patent protection for so simple an apparatus. Diversity also obtains for the Morris 
water-maze where swimming pools range from 35 to 200 cm in diameter, are white or black, contain clear water 
or water made opaque with one of many substances (several of which cause the fur to become wet quickly), use 
room temperature or heated water, and are placed in settings with cues of various sizes and distances from the 
tank in different labs. For the elevated plus maze, many parameters are known to influence the data [35,47]. 
Available information collected in several labs suggests that specific details of most kinds of apparatus are 
important [13], but there are virtually no thorough and systematic studies wherein several inbred strains were 
observed under a wide variety of conditions on a single kind of test. 
 
 
Purchase of commercial apparatus is one means of achieving consistency, and this has appeal because there are 
some excellent implementations of the open field test, for example, that are already used in many labs. Beyond 
the open field, however, the selection of devices becomes problematic. Two difficulties are evident in this 
realm. First and most fundamental, apparatus manufacturers are typically brilliant in working with plastic, 
stainless steel, and transistors, while world-class expertise in testing mouse behavior resides mainly in public 
research institutions. Researchers should not look to manufacturers to set standards for apparatus or software for 
data acquisition and analysis. On the contrary, the research community should advise the manufacturers about 
the critical variables and optimal parameters for a particular test. Manufacturers could then compete to create 
the most efficient, convenient, reliable, and aesthetic implementation. Second, high quality commercial 
apparatus is often too expensive to be widely adopted as a standard in many labs. The cost factor itself inspires 
a variety of local shortcuts. 
 
The process of apparatus development typically proceeds in a manner that spawns diversity. After deciding on 
the behavioral domain to be studied, researchers read the literature, attend conferences, and note the features of 
any apparatus that has given good results in the labs of respected colleagues. They may even visit another lab to 
learn crucial but unpublished details of a test. Then, a rough sketch is presented to the local shop, where 
technicians introduce their own innovations. The prototype is delivered to a graduate student who runs pilot 
tests with a few spare mice and asks for modifications to compensate for mice that prove to be too clever or 
stubborn to give valid data. Eventually, through an iterative process, a device is adopted, often under intense 
pressures of thesis or grant proposal deadlines, that yields results the lab director considers good enough for the 
present purpose. Once a large body of data is accumulated with the specific apparatus, the lab adheres to that 
configuration religiously until the retirement of the lab director in order to make later results comparable with 
their own basic findings. Close comparability with other labs is not guaranteed by this process, although 
similarity may increase over the years through a form of convergent evolution. 
Specific details of the test protocol may also be of great importance, even when absolutely identical apparatus is 
adopted in two or more labs. Within each lab, we carefully implement step-by-step procedures that guarantee all 
animals in the study will be handled in the same manner by the experimenters, given the same time between 
trials, exposed to the same odor cues, and so forth. Detailed instructions are typed and distributed to those who 
do the testing, and the same instructions are used to train new people in the rituals of a specific lab year after 
year. Young scientists who establish their own labs often replicate the procedures they learned under the 
tutelage of eminent masters during graduate or postdoctoral study. Yet, when we compare protocols across labs, 
we often discover that different masters use different procedures. It is possible to adopt a common protocol in 
several labs, as was done in the study by Crabbe et al. [11], and this kind of exercise can really open our eyes to 
things we commonly do by habit without any compelling reason. Publication of procedures can provide helpful 
guide-lines, but we often find that descriptions of tests as presented in Current Protocols in Neuroscience, for 
example, are not sufficiently detailed to insure all labs do precisely the same things when performing a test. 
 
If the research community acknowledges the need for some kind of standardization, how might this be 
achieved? In my opinion, the crucial starting point is agreement on the meaning of test standardization. This 
does not require that all labs be pressured to use identical apparatus and protocols in their research. A single 
standard would be resisted because of investment in the current apparatus as well as egotistical inertia, and it 
would also deprive the field of variety that can lead to important discoveries. What we need is a specific 
apparatus configuration with a rigorously implemented protocol that can serve as a convenient standard for 
comparison with the many extant variants and commercial devices. By assessing a small number of standard 
inbred strains with the standard test, a benchmark can be established. Then any lab can run a trial to compare 
data from their local device with results from the standard test. Likewise, commercial manufacturers can 
calibrate their apparatus against the standard and use the data in their advertisements. 
 
It is not essential that a standard apparatus be truly optimal, although it should be free from major flaws. By 
comparing a fixed standard with many variants, we will gain valuable information about the size of deviations 
in numerical data that arise from variations in the test itself. Hopefully, many labs will find comfort in evidence 
that their own apparatus yields values reasonably close to the benchmark. Some labs may even find cause to 
proclaim their own test superior to the standard. 
 
Optimization is an elusive quarry. There are simply too many variables in even a simple behavioral test to make 
feasible a comprehensive factorial study of, say, five inbred strains tested under many conditions. The work of 
Peeler [44] provides a case in point because it was one of the most comprehensive studies in this literature. 
Males of the BALB/cByJ and C57BL/6ByJ progenitors plus their seven recombinant inbred strains were tested 
at three times of day on 2 days using shuttle boxes with three kinds of barriers between the compartments; the 
study thus involved 9 × 3 × 3 = 81 independent groups of mice. Crabbe et al. [1 1] examined males and females 
of eight strains tested in three labs after shipping from a supplier or local breeding, for a total of 2 × 8 × 3 × 2 = 
96 groups (each lab studied only 32 groups). Bulman-Fleming et al. [5] studied males and females of two inbred 
strains and two reciprocal F1 hybrids, each of which was derived from ovaries grafted into either an inbred or 
hybrid mother followed by surrogate fostering at birth to either an inbred or hybrid mother, for a total of 2 × 4 × 
2 × 2 = 32 groups. Given my own experience with two of these studies and conversations with Peeler (personal 
communication), I conclude that studies with more than 100 independent groups exceed not only our budgets 
but also our abilities to counterbalance effectively and organize complex experiments. 
 
For practical reasons, perhaps a better alternative is to establish a standard test and then examine the importance 
of parametric variations one or two variables at a time in a single study. This denies us data about optimal 
combinations of or complex interactions among various features of a test. While such information might be 
valuable, there is no reason to believe that conclusions about optimal combinations would be the same in 
different labs, as discussed in the next section. 
 
Deciding on a reasonable standard may prove easier than we fear. When leading experts in a particular 
behavioral domain are assembled in one room, the accumulated experience of these few individuals can quickly 
lead to agreement on many items, leaving time for vigorous debate on contentious points, some of which may 
need to be resolved by experimentation. For example, a working group convened by the Office of Behavioral 
and Social Science Research at NIH in Bethesda, MD, on July 13–14, 1998, made considerable progress in the 
domains of activity, anxiety, and reflex development in a span of less than 2 days but then disbanded without 
reaching a workable solution. 
 
Perhaps a standard test could be achieved through a six-step process. (a) Assemble a small group of respected 
researchers, each having long experience with a specific domain and real enthusiasm for the common goal of 
establishing a standard. International representation would make broad acceptance of conclusions more likely. 
(b) Prior to the first meeting, group members exchange reprints and discussion papers, and they draft a list of 
important variables to be standardized. (c) Convene the group for a week. Ideally, they should be sequestered 
until they deliver a consensus standard. Meeting near a lab where ideas can be checked with live mice might be 
productive. (d) Each group member then takes the draft standard back to his or her lab and tests a small number 
of mice of the standard strains to verify the quality of the data. It would not be necessary or even helpful at this 
point to expect that labs obtain the same results. The crucial thing is that each expert should be satisfied that the 
putative standard apparatus and protocol are free from any major flaws. Negotiations on improvements can then 
be conducted via e-mail and telephone. (e) Next, the draft standard is posted on several websites and comments 
are invited. After a few labs not involved in the drafting of the standard have tried the test, the group will either 
return to step (d) or move on to the full standardization trial. (f) Finally, sufficiently large samples of the 
standard strains need to be evaluated on the test in several labs and the data submitted for peer review and 
publication. The labs participating in this step need not be the ones that helped to design the standard. Hopefully 
the trial could be done in several countries, but this would not be absolutely essential for success of the 
enterprise. 
 
A viable standard apparatus needs to be fairly simple to build and instructions must be easy to follow, so that a 
wide range of labs will be able to build and run the benchmark test. Alternatively, the apparatus might be built 
and sold at a modest price. Any one lab would need only one or two copies of the standard apparatus for 
comparison with the benchmark. This would be true for small-scale labs as well as large facilities that already 
possess dozens of a particular version of the test. One can even imagine apparatus in the form of a kit that could 
be taken apart, sterilized, and then shipped from lab to lab. 
 
Probably the most difficult task would be standard scoring of the behavior stream. Automation is essential for 
large-scale research but is a barrier to standardization because of complexity and expense. Whatever method is 
deemed best, certainly the behaviors should be videotaped where feasible for repeated assessment and possible 
scoring at a single site. If the path of the animal can be reduced to a series of x- and y-coordinates with a time 
stamp, the data file can later be subjected to sophisticated track analysis using, for example, David Wolfer’s 
WinTrack program (www.dpwolfer.ch/wintrack) or ethological analysis as advocated by Golani et al. [29] and 
Drai et al. [20]. 
 
4. The lab environment 
Use of a standard apparatus and protocol can effectively equate the test situation across a wide range of sites, 
yet this will not guarantee the same phenotype means for the standard strains. As the recent study by Crabbe et 
al. [11] revealed, significant and substantial interactions between eight mouse strains and three labs occurred, 
especially for tests of anxiety, despite a rigorously equated test situation. Certain tests did give very similar 
results in all three labs, alcohol preference drinking for instance. Because the study was apparently the first of 
its kind and rather few behavioral domains were assessed, it is not possible to know why certain behaviors were 
so sensitive to the lab environment. Alcohol preference was the only behavior measured over a period of 24 h 
with a bare minimum of human handling, whereas the other five tests involved brief trials with handling before 
and after each trial. Thus, different handling or people unique to each lab could have been an important source 
of Strain × Lab interaction. Because only one test minimized handling, this point remains largely speculative. 
 
The handling hypothesis could be assessed by monitoring home cage activity around the clock and, for half the 
mice, removing them periodically for an activity test trial in a novel environment — repeating the entire study 
in several labs. If researchers are serious about identifying specific features of the lab environment that are 
responsible for discrepant results, they must be prepared to run experiments simultaneously in several labs so 
that data are not contaminated by fluctuations arising from season of testing or cohort differences from 
commercial suppliers. 
 
In the Crabbe et al. [11] study run simultaneously in Albany, Portland, and Edmonton, shipping, mating, and in 
most cases weaning were done on the same day in the three labs, and testing itself was started within the same 
hour. Cages were changed at the same time on the same days. The experiment demonstrated that simultaneity is 
possible, but the regimentation was also exceedingly difficult, and each lab subsequently vowed never to join 
such a tightly choreographed dance again. Furthermore, despite strenuous efforts to equate many other features 
of the animal husbandry, it simply was not possible to equate everything. 
 
Whereas standardization of the genetic composition of the mice and the test situation is both possible and 
desirable, standardization of the lab environment is effectively impossible. The different physical layouts of 
most labs are quite literally set in stone. Especially in large research operations where many experiments are in 
progress at the same time, researchers will not be willing to change the housing and handling conditions for all 
mice in order to achieve the goal of one comparative study that will probably not be repeated. In many settings, 
the researcher also confronts the higher authority of animal care facility directors and institutional ethics 
committees that often insist things be done their way. Experts in rearing and testing mice sometimes must yield 
to the judgment of veterinarians trained in the methods of removing fur balls and kidney stones from spoiled 
house cats. 
 
Although equating lab environments is not on the agenda, certain things can be done to help us better under-
stand this source of variation. The usual description of the mouse’s environment in a journal article is paltry at 
best. A superior accounting could be achieved by filling in details on a longer list of features of husbandry, then 
making this available via a website maintained either by the lab itself, the journal that publishes the article, or 
an organization of researchers. A detailed data form and database on lab environments has recently been 
established by Arndt and Surjo for the Mutant Mice Behaviour network (www.medi-zin.uni-koeln.de/mmb-
network). Knowing some of the major environmental differences between labs may inspire plausible and 
testable hypotheses about origins of discrepant results. Controlled studies of the lab environment and 
comparisons across labs will be greatly facilitated if we can employ standard strains and standard test situations. 
 
5. Statistical power and sample size 
Possessing a list of salient features of the lab environment, it will then be worthwhile to assess formally the 
impact of variations in several of these. Special attention should be devoted to the magnitude of effects. We 
need to know more than mere P values for significance. Effect size, expressed as a fraction or number of 
standard deviations by which two groups differ, is a more informative index of the potency of an alteration in 
the environment. Small, moderate, and large effects correspond to effect sizes (d in samples) of about 0.5, 0.75, 
and 1.0 S.D., respectively [62]. The literature already provides vast information on effect sizes from a great 
number of targeted mutations and inbred strain differences. It would be very helpful to know the comparable 
effect sizes for alterations in the lab environment. A short list of variables is offered in Table 3. 
 
The critical question for mouse behavior testing is not merely whether the lab environment has a statistically 
significant effect on behavior. The main effect in an analysis of variance (ANOVA) may be quite fascinating; 
for example, mice were generally more active and less anxious in Edmonton than in Albany and Portland [11]. 
Nevertheless, for genetic analysis, dramatic environmental effects pose no threat to the validity of our 
conclusions unless there is differential impact depending on genotype. We need to know whether the pattern of 
results of genetic experiments depends on the specific lab that does the experiment. This question is addressed 
by the interaction term in the ANOVA, not the main effect of environment. How to test for interaction is 
addressed in depth in most graduate-level statistics courses and texts. Procedures for doing an ANOVA are well 
implemented in many computer programs and have become routine in our field. 
 
The greatest shortcoming is that the typical application of ANOVA to assess interaction tends to be quite 
insensitive to real interactions [59]. When the null hypothesis that effects are additive is evaluated, the 
probability of a Type II error (failure to reject a false null hypothesis) often is very high for the interaction 
effect. For many kinds of interaction, substantially larger sample sizes are required to confer adequate power on 
the test of interaction than are needed to detect the main effects in the same factorial experiment. Methods for 
meeting this challenge are presented elsewhere [9,59,60,62]. 
 
 
Whereas criteria for large and small effects (d values) of a single treatment are widely accepted, criteria for a 
substantial, noteworthy interaction are generally lacking in our field. The following proposal provides a 
guideline for sample sizes needed to detect interaction in a 2 × 2 factorial design. Suppose a knockout ( — / — ) 
and its control (+/+) are tested in two labs (A, B). Table 4 shows hypothetical group means in the left panel that 
express purely additive effects of genotype and lab environment. The right panel shows a kind of interaction 
that I believe our ANOVA should be able to detect. Specifically, the knockout effect is twice as large in Lab B 
than in Lab A. Of course, there might be no knockout effect in one lab and a large effect in the other, but in 
such a case the interaction would be obvious. We need to devote careful attention to the more common situation 
where the interaction portrayed in a graph looks substantial to the educated eye of the scientist but less so in the 
ANOVA table. The example of Gene × Environ-Environment interaction in Table 4 involves a moderate 
knockout effect size of 0.75 S.D. in Lab A but a large effect size of 1.5 S.D. in Lab B. Control (+/+) values in 
Labs A and B also differ by 0.75 S.D. In this specific situation, the method of Wahlsten [60] reveals that about 
7 mice per group will be needed to detect the genetic main effect or the lab main effect with 95% power (5% 
chance of Type II error), whereas 46 mice in each of the four groups will be needed to detect the gene–
environment interaction with the same level of power. Generally speaking, when the mutation has twice the 
magnitude of effect in one lab versus another, at least six times as many mice are needed to insure a significant 
interaction term in the ANOVA than are needed simply to detect the main effects. 
 
For large factorial designs involving many mouse strains and several environments, computations are somewhat 
more elaborate [9], but the need for larger samples to detect the interaction effect persists [59]. In the case of 
interaction terms with more than one degree of freedom, so many patterns of results are possible that a universal 
criterion for a noteworthy interaction is difficult to imagine. What kind of interaction is worthy of the expense 
to find it probably depends very much on the topic being studied and the importance of interaction for theories 
in the field. 
The sample size issue is decisive in the context of test standardization. We want to know if results are closely 
comparable across several labs or instead are lab-dependent. It would be foolish to invest considerable money 
and effort in perfecting standard tests but then compare labs using sample sizes that are insufficient to detect the 
very phenomenon we set out to explore. 
 
6. Sharing raw data 
Before the advent of the Internet and the World Wide Web, the endpoint of most research was publication of a 
concise journal article, followed by discrete burial of the raw data in an office file cabinet or a landfill. The 
curiosity of consumers of the results was strictly limited by the kind of data analysis chosen by the authors. 
 
Now it is possible to post the raw data on a website for downloading and reanalysis by colleagues far from the 
home lab, as was done by Crabbe et al. [11] at www.alba-ny.edu/psy/obssr. We provided files that could be read 
directly into the SPSS or SYSTAT statistical packages. Posting raw data in ASCII (*.txt or *.dat) format that 
can be imported into almost any spreadsheet or statistics pro-gram would probably be a better option. Files in 
the Excel ( *.xls) format are used by many researchers, but there are reservations about proclaiming the product 
of a specific corporation to be the world wide standard. 
 
Standard testing of standard strains in several labs calls for publication of data in a standard format that can 
quickly be assembled into a large file for analysis. One can envision other valuable applications of a standard 
format. For example, a journal could require that raw data be provided to reviewers prior to publication and then 
be posted on the journal’s website after the study has passed peer review. Granting agencies could achieve 
greater return for their investment of public funds if they required labs to archive their data in a central facility 
that is accessible by qualified researchers. In this respect, mouse geneticists are not restricted by policies of 
privacy or informed consent of their subjects. Organizations of mouse researchers have already established 
voluntary public archives for data collected in many countries, including the MPD (www.jax.org/ phenome), the 
Mutant Mice Behaviour network (www.me-dizin.uni-koeln.de/mmb-network), and the MyMouse consortium 
(www.mymouse.org). The formats and contents of these sites differ considerably, and it remains to be seen 
whether the entire field will eventually adopt a common standard for reporting data. 
 
7. Conclusions 
The need for some kinds of standardization is apparent from the broad interest in the topic at the present time 
and attendance at meetings organized to discuss the matter. As data from large-scale mutagenesis screening 
studies of behavioral phenotypes begin to appear [5 1 ], more questions are being asked about the most 
appropriate kinds of tests [39] and the most appropriate baseline criteria for judging abnormal behavior [56]. 
 
Despite lengthy deliberations, firm steps towards standardization have been few and poorly coordinated, and 
some investigators continue to have reservations about the wisdom of standardization. For instance, Würbel 
[66] claims that ―If standardization were fully effective, inter-individual variation within study populations 
would decrease to zero ... ‖ and each experiment would amount to a single-case study. In my opinion, extreme 
homogeneity will not result from standardization, because we already know that individual anatomical, 
physiological, and behavioral variation usually exists within a highly inbred strain in the confines of a single 
lab, even when strenuous efforts are made to achieve a uniform environment [24]. Standardization is likely to 
lead to more reproducible or interpretable results of complex experiments done in different laboratories, despite 
the presence of ineradicable within-strain variance. 
 
It is argued here that we have sufficient knowledge to warrant a wise choice of a short list of standard strains 
and even details of apparatus and protocols for several kinds of behavioral tests. Equating the laboratory 
environment does not appear to be feasible. Instead, we need to learn what kinds of behavioral tests yield the 
most stable results in different labs and what kinds are most sensitive to the ubiquitous variations among test 
sites. Methods for making an informed choice of sample size for evaluating laboratory-specific genotype effects 
are available and should be utilized in standardization trials. Resources for convenient sharing of data that are 
now being constructed will greatly aid in collaborative and comparative studies involving several sites. Given 
that research funding agencies, pharmaceutical and biotechnology companies, commercial breeders, and 
apparatus manufacturers would all benefit from successful standardization and large-scale phenotyping 
exercises, it should be possible to solicit support for a major initiative in this direction. Like the sequencing of 
an entire genome, test standardization is something that needs to be done only once if it is done properly, and 
the benefits of the work will be felt widely in the field of behavioral and neural genetics for many years. 
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